G protein-coupled receptor ligand-dependent transactivation of growth factor receptors has been implicated in human cancer cell proliferation, migration, and cell survival. For example, prostaglandin E 2 (PGE2)-induced transactivation of the EGF receptor (EGFR) in colorectal carcinoma cells is mediated by means of a c-Src-dependent mechanism and regulates cell proliferation and migration. Recent evidence indicates that ␤-arrestin 1 may act as an important mediator in G protein-coupled receptor-induced activation of c-Src. Whether ␤-arrestin 1 serves a functional role in these events is, however, unknown. We investigated the effects of PGE 2 on colorectal cancer cells expressing WT and mutant ␤-arrestin 1. Here we report that PGE 2 induces the association of a prostaglandin E receptor 4͞␤-arrestin 1͞c-Src signaling complex resulting in the transactivation of the EGFR and downstream Akt (PKB) signaling. The interaction of ␤-arrestin 1 and c-Src is critical for the regulation of colorectal carcinoma cell migration in vitro as well as metastatic spread of disease to the liver in vivo. These results show that the prostaglandin E͞␤-arrestin 1͞c-Src signaling complex is a crucial step in PGE2-mediated transactivation of the EGFR and may play a pivotal role in tumor metastasis. Furthermore, our data implicate a functional role for ␤-arrestin 1 as a mediator of cellular migration and metastasis. metastasis ͉ prostaglandin E2 ͉ c-Src ͉ EGF receptor ͉ prostaglandin E receptor G protein-coupled receptors (GPCRs) comprise the largest known family of plasma membrane receptors and consist of a seven-transmembrane-spanning region f lanked by an extracellular N terminus and an intracellular C terminus. Upon ligand binding, these receptors couple to heterotrimeric G proteins (G␣-and G␤␥-subunits) and catalyze the exchange of GDP for GTP, thus initiating a multitude of signaling events into the cell. These include the classical activation of phosholipases (phosholipases A, C, and D), protein kinases (PKA and PKC), and lipid kinases (phosphatidylinositol 3-kinase) as well as increased intracellular calcium levels. The desensitization of GPCRs occurs through a multistep process. GPCR kinases are recruited to the receptor by liberated ␤␥-subunits and phosphorylate the receptor on the cytoplasmic tail and intracellular loops. This phosphorylation event triggers the association of arrestin, which then traffics the receptors to clathrin-coated pits for endocytosis (1).
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Prostaglandins (PG) are important bioactive lipids which exert their effects through the activation of specific GPCRs as well as members of the peroxisome proliferator-activated receptor family. For example, PGE 2 is the ligand for four prostaglandin E (EP) receptor isoforms termed EP1, EP2, EP3, and EP4. Stimulation of these receptors elicits different intracellular responses (2) . The stimulation of the EP1 receptor induces an increase in intracellular calcium by means of the activation of phospholipase C. EP2 and EP4 receptors couple to G␣s proteins, which generate increased cAMP levels, whereas EP3 receptors mostly couple to G␣i proteins and reduce cAMP levels. Data derived from EP receptor knockout mice as well as EP receptor agonists and antagonists have indicated an important role for EP2 and EP4 receptors in the formation and growth of primary intestinal tumors (3) .
Aside from the classical activation of downstream GPCRlinked signaling cascades, PGE 2 -induced stimulation of colorectal carcinoma cells can also transactivate growth factor receptors such as the EGF receptor (EGFR) (4, 5) . The GPCR-induced activation of growth factor receptors can occur through many diverse mechanisms. GPCR activation of matrix metalloproteinases such as TNF-␣-converting enzyme (ADAM 17) by means of PKC, Pyk2, or Src liberates peptide ligands, which results in the extracellular activation of growth factor receptors (6) . GPCR-induced transactivation of the receptors can also occur through entirely intracellular mechanisms, including the direct activation of the receptor through Src-dependent signaling (4, 7) . Interestingly, the recruitment of ␤-arrestin to stimulated GPCRs has been associated with the activation of Src (8) .
Results and Discussion
Because the stimulation of colorectal carcinoma-derived cells with PGE 2 induces the translocation of ␤-arrestin 1 (9) and PGE 2 induces the activation of Src (4, 5), we examined whether ␤-arrestin 1 plays a role in this process. PGE 2 stimulation of LS-174T and HCA-7 cells resulted in the association of ␤-arrestin 1 with the EP4 receptor and c-Src (Fig. 1A) . The association of the EP4 receptor and ␤-arrestin 1 was observed at 2 min and began to decline by 10 min after treatment. However, the association of ␤-arrestin 1 and c-Src steadily increased during this time. Because the association of EP4 receptor͞␤-arrestin 1 and ␤-arrestin 1͞c-Src could potentially be mutually exclusive, we also determined whether the EP4 receptor, ␤-arrestin 1, and c-Src formed a signaling complex (Fig. 1B) . The EP4 receptor was detected in c-Src immunoprecipitates from both LS-174T and HCA-7 cells, indicating that PGE 2 does induce the association of an EP4 receptor͞␤-arrestin 1͞c-Src complex.
In quiescent cells, arrestin is mainly localized diffusely in the cytosol. However, upon agonist stimulation of GPCRs and subsequent receptor phosphorylation, arrestin translocates from the cytosol to the membrane fraction, where it can then associate with GPCRs and direct the desensitization of the receptor (10) . The treatment of LS-174T and HCA-7 cells with PGE 2 induced the translocation of ␤-arrestin 1 from the cytosol to the membrane fraction (Fig. 1C) . Together these observations indicate that PGE 2 stimulation of the EP4 receptor induces the association of a membrane-associated signaling complex comprised of the EP4 receptor, ␤-arrestin 1, and c-Src.
To determine whether the EP4͞␤-arrestin 1͞c-Src complex was responsible for the PGE 2 -mediated activation of Src in LS-174T cells, LS-174T clones were generated that constitutively overexpress FLAG-tagged WT ␤-arrestin 1 (B-18) or FLAGtagged mutant S412D-␤-arrestin 1 (S-8 and S-9). The S412D-␤-arrestin 1 mutant has a serine-to-aspartic acid point mutation at residue 412, which greatly reduces the association of ␤-arrestin 1 with Src (8). ␤-Arrestin 1 is normally phosphorylated on serine-412 in a quiescent state, and dephosphorylation at this site has been shown to be an important step in the regulation of ␤-arrestin 1 activity (11, 12) . PGE 2 also induced the loss of phosphorylation on serine-412 of ␤-arrestin 1 in LS-174T and HCA-7 cells (Fig. 1D) . In cells expressing a WT ␤-arrestin 1-FLAG construct (B-18), PGE 2 induced the association of ␤-arrestin 1 with c-Src ( Fig. 2A) . PGE 2 also induced the activation of c-Src, as detected by tyrosine phosphorylation of c-Src in the B-18 cells (Fig. 2 A) . PGE 2 stimulation of two different LS-174T clones (S-8 and S-9) that overexpress the S412D-␤-arrestin 1 mutant reveals that the ␤-arrestin 1͞c-Src complex is critical for the activation of c-Src (Fig. 2 A) . This finding was confirmed through the reduced association of ␤-arrestin 1 with c-Src and the inability of PGE 2 to induce the phosphorylation (activation) of c-Src.
Because Src is involved in the PGE 2 -induced transactivation of the EGFR (4, 5), we sought to determine whether the association of ␤-arrestin 1 and c-Src is required for this transactivation. In cells expressing the WT ␤-arrestin 1-FLAG construct (B-18), PGE 2 induced the transactivation of the EGFR (Fig. 2B) . However, the stimulation of LS-174T clones which overexpress the S412D-␤-arrestin 1 mutant (S-8 and S-9) with PGE 2 indicated that the formation of the ␤-arrestin 1͞c-Src complex is vital for the transactivation of the EGFR (Fig. 2B) .
The activation of EGFR induces downstream signaling cascades such as phosphatidylinositol 3-kinase͞Akt and Ras͞Raf͞ mitogen-activated protein kinase kinase͞extracellular signalregulated kinase. The induction of these signaling mediators results in a variety of cellular effects, including increased proliferation and migration. We have previously shown that PGE 2 , through the activation of Src and subsequent transactivation of the EGFR, increases Akt activity in colorectal carcinoma cells (4) . We therefore sought to determine whether the EP4͞␤-arrestin 1͞c-Src signaling complex plays a role in the PGE 2 -induced activation of Akt. In cells expressing WT ␤-arrestin 1-FLAG (B-18), PGE 2 induced the activation of Akt as detected by phosphorylation of Akt on serine-473 (Fig. 2C) . However, the stimulation of LS-174T clones that overexpress the S412D-␤-arrestin 1 mutant (S-8 and S-9) with PGE 2 did not induce the phosphorylation of Akt. These results indicate that the ␤-arrestin 1͞c-Src complex is indeed necessary for the PGE 2 -induced activation of Akt (Fig. 2B) .
Previous studies have shown that the S412D-␤-arrestin 1 mutant can reduce desensitization and internalization of the ␤2 adrenergic receptor (8) . Also, a ␤-arrestin 1 deletion mutant (319-418) can reduce the PGE 2 -induced internalization of the EP4 receptor (13) . We therefore sought to determine whether the S412D-␤-arrestin 1 mutant would affect the trafficking and internalization of the EP4 receptor in colorectal carcinoma cells. LS-174T, B-18, and S-9 cells were treated with 1 M PGE 2 or vehicle for 30 min. Detection of the EP4 receptor by immunofluorescence indicated that the EP4 receptor was internalized in the presence of PGE 2 in the LS-174T and B-18 cells (Fig. 3) . However, the internalization of the receptor was greatly inhibited in the S-9 clone, demonstrating that the S412D mutant does inhibit the internalization of the EP4 receptor.
The metastatic spread of tumor cells occurs in a multistep process (14) . Tumor cells must detach from the primary tumor site and enter the circulatory system. These cells then travel to distant sites, extravasate from the vasculature, and reestablish growth. The expression of cyclooxygenase 2 has been associated with increased metastasis of breast, lung, and colon primary tumors (15) (16) (17) , and cyclooxygenase-derived PGs such as PGE 2 and thromboxane A2 have been shown to directly stimulate cell migration (18, 19) . PGE 2 can induce the in vitro migration of WT LS-174T cells (4, 18) as well as LS-174T cells overexpressing WT ␤-arrestin 1 (B-18) (Fig. 4A) . Interestingly, in S412D-␤-arrestin 1-expressing LS-174T cells (S-8 and S-9) we observed up to a 65% reduction of PGE 2 -induced migration in vitro (P Ͻ 0.0001). However, cells expressing WT or mutant ␤-arrestin 1 migrated at a similar rate in response to stimulation with EGF. We also observed a similar trend in a cell invasion assay (Fig. 4B) . PGE 2 induced the migration of B-18 cells through an extracellular matrix. However, as observed in Fig. 4A , the rate of cellular invasion was reduced in the S-8 and S-9 clones. Furthermore, all clones invaded similarly to EGF treatment. Taken together, these data indicate that the association of ␤-arrestin 1 with c-Src is an important step in the PGE 2 -mediated induction of migration and invasion. Furthermore, this interaction occurs upstream of EGFR activation.
To determine the role of the ␤-arrestin 1͞c-Src complex on the metastasis of colorectal carcinoma cells in vivo, we used an orthotopic liver metastasis model in immunodeficient mice. Cells were injected into the spleens of nude mice. After 4 weeks, livers were resected and weighed to determine the burden of metastasis in the liver. In general, WT LS-174T cells did not metastasize to the liver (Fig. 4 C and D) . Of all mice injected with WT LS-174T cells (n ϭ 10), only one showed any sign of metastasis. LS-174T cells that constitutively express GFP showed a slight increase in metastases, indicating that either GFP or the selection process had an effect on the ability of these cells to metastasize in vivo. However, this increase was not significantly different from WT LS-174T cells (P Ͼ 0.05). Interestingly, three clonally derived LS-174T cell lines that overexpress ␤-arrestin 1 (B-15, B-18, and B-22) produced significant liver metastasis, with a Ͼ2-fold increase in liver weight when compared with GFP-expressing cells (Fig. 4 C and  D ; ‫,ء‬ P Ͻ 0.001). However, clonal LS-174T cells that overexpress the S412D-␤-arrestin 1 mutant (S-8, S-9, S-14, and S-22) inhibited this effect by nearly 50% (P Ͻ 0.005) and showed only a 1.3-fold increase over GFP-expressing cells (Fig. 4 C and D ; ‫,ءء‬ P Ͼ 0.05).
Because in vitro data indicate the importance of ␤-arrestin 1 and downstream Akt activation (Figs. 1-4 and ref. 4) as well as the role of Akt signaling (20 -23) in cellular migration and invasion, we sought to determine the status of Akt signaling in our ␤-arrestin 1 liver metastases. Livers bearing metastatic disease from the B-18-and S-9-injected mice were sectioned, and immunohistochemistry of pAkt and total Akt was determined (Fig. 4E) . We observed an increase in the phosphorylated form of Akt (pAkt) in the metastatic tumors derived from both the B-18 and S-9 clones when compared with normal adjacent liver. More importantly, we detected an increase in pAkt in the B-18 tumors when compared with the S-9-derived tumors. The level of Akt in these tumors was unchanged when compared with normal adjacent liver. These results indicate a causal link between in vitro signaling events and in vivo metastatic disease.
Cyclooxygenase 2 and the PGs resulting from its activity increase motility and invasion in many types of cancer (24, 25) . Our data suggest that the EP4͞␤-arrestin 1͞c-Src signaling complex is a critical link for PGE 2 -induced migration and invasion of colorectal carcinoma cells (Fig. 5) . This finding is consistent with current reports indicating the association of the EP4 receptor with ␤-arrestin 1 through the use of colocalized GFP-tagged proteins (9, 13). PGE 2 -induced stimulation of the EP4 receptor triggers the GSK-dependent phosphorylation of intracellular domains, which induces the recruitment of ␤-arrestin 1 to the receptor as well as the dephosphorylation of ␤-arrestin 1 at serine-412 (Fig. 1) . This event is critical in the signaling potential of ␤-arrestin 1. The dephosphorylation at serine-412 permits the association of ␤-arrestin 1 with c-Src, thus activating this tyrosine kinase (1, 8) .
The PGE 2 -induced activation of c-Src can transactivate the EGFR by means of the liberation of extracellular ligand or a completely intracellular mechanism (4, 5) . This stimulation of the EGFR can lead to the activation of Akt, which plays an important role in PGE 2 -mediated cell migration in vitro (4, 18) . With the use of a serine-to-aspartic acid mutation at position 412 of ␤-arrestin 1 (which mimics the phosphorylated state of the protein), we now demonstrate that the PGE 2 -induced transactivation of the EGFR and subsequent downstream Akt signaling in LS-174T cells depend on the ␤-arrestin 1-mediated activation of c-Src (Fig. 2) .
The functional consequence of a mutation at serine-412 of ␤-arrestin 1 was visualized by observing the rate of cell migration in vitro and metastatic spread in vivo (Fig. 4) . PGE 2 stimulates increased migration of colorectal carcinoma cells (4, 18) . However, cells overexpressing the S412D mutation of ␤-arrestin 1 migrate with only 40% the efficiency of cells expressing WT ␤-arrestin 1. Interestingly, both cell lines migrated at similar rates in response to EGF, indicating that stimulation of this pathway downstream of ␤-arrestin 1 could rescue the inhibitory effect. More importantly, cells overexpressing WT ␤-arrestin 1 metastasized to the liver at a 2.5-fold higher rate than did cells expressing GFP. However, cells that express the S412D mutant ␤-arrestin 1 metastasized at a reduced rate when compared with WT ␤-arrestin 1. Because the PGE 2 -induced activation of Src, Akt, and EGFR is completely lost in cells expressing the S412D mutant, there is a differential effect on signaling and functional activity. Although the isolation of this signaling cascade gives rise to the observations in vitro, there are multiple factors that will have a net effect on metastasis in vivo. For example, there are Ͼ20 known proteins as well as multiple GPCR families that interact with ␤-arrestin 1 (26) . The different effects of the ␤-arrestin 1 constructs on metastasis are most likely due to the activation of the Src family through serine-412, small guanine nucleotide exchange factors such as RhoA and Ral-GDS, and the mitogen-activated protein kinase cascade, including Raf and extracellular signal-regulated kinase 2.
Taken together, these results indicate an important role for the EP4 receptor͞␤-arrestin 1͞c-Src complex in PGE 2 -mediated signaling and suggest that ␤-arrestin 1 may serve a pivotal role in colorectal carcinoma metastasis. Thus, novel approaches targeting the ␤-arrestin pathway may provide new therapeutic advances for treatment of patients with colorectal cancer. This disease accounts for the second highest number of cancer deaths in the United States, and novel approaches for more effective treatment would be dearly welcomed by both patients and physicians.
Materials and Methods
Materials. Antibodies to phospho-␤-arrestin 1 serine-412, Akt, and phospho-Akt serine-473 were obtained from Cell Signaling Technology (Beverly, MA). Antibodies to EGFR and c-Src were obtained from Santa Cruz Biotechnology. Antibodies to phosphotyrosine and EGF were purchased from Upstate Biotechnology. Anti-Flag and anti-␤-actin antibodies were purchased from Sigma. PGE 2 and EP4 receptor antibodies were purchased from Cayman Chemical (Ann Arbor, MI). The specificity of all antibodies was verified by using positive controls (data not shown).
Cell Culture and Stable Clone Selection. LS174T cells were purchased from the American Type Culture Collection, and HCA-7 cells were a generous gift from Susan Kirkland (Imperial College School of Medicine, London). Cells were maintained in McCoy's 5A medium containing 10% FBS, 100 units͞ml penicillin, and 100 g͞ml streptomycin in a 5% CO 2 atmosphere, washed in PBS, and incubated with serum-free media for 48 h before agonist treatment. LS-174T clones that stably express FLAG epitope-tagged ␤-arrrestin 1 constructs (8) were selected by using 600 g͞ml G418.
Whole-Cell Lysate Preparation. Quiescent cells were treated with 1 M PGE 2 at 37°C for various times as indicated in the experiments. The cells were rinsed twice in ice-cold PBS and scraped in 500 l of lysis buffer (50 mM Hepes, pH 7.5͞150 mM NaCl͞1 mM EDTA͞0.01% Triton X-100͞10 g/ml leupeptin͞10 g/ml antipain͞1 mM phenylmethylsulfonyl fluoride͞500 M sodium orthovanadate͞10 mM ␤-glycerophosphate). The cells were disrupted by brief sonication, and protein concentrations were determined with the Bio-Rad protein determination reagent.
Cytosol͞Membrane Fractionation. Quiescent cells were treated with 1 M PGE 2 at 37°C for various times as indicated in the experiments. The cells were rinsed twice in ice-cold PBS and scraped in 500 l of lysis buffer (50 mM Hepes, pH 7.5͞150 mM NaCl͞1 mM EDTA͞10 g/ml leupeptin͞10 g/ml antipain͞1 mM phenylmethylsulfonyl fluoride͞500 M sodium orthovanadate͞10 mM ␤-glycerophosphate). The cells were then disrupted by brief sonication and centrifuged at 100,000 ϫ g for 60 min. The supernatant (cytosol) was removed, and the pellets (membrane) were resuspended in lysis buffer. Protein concentrations for the cytosol and membrane fractions were determined with the Bio-Rad protein determination reagent. Immunoprecipitations. Quiescent cells were treated with 1 M PGE 2 at 37°C for various times as indicated in the experiments. The cells were rinsed twice in ice-cold PBS and scraped in 500 l of immunoprecipitation buffer (25 mM Hepes, pH 7.5͞150 mM NaCl͞1 mM EDTA͞1% Nonidet P-40͞10% glycerol͞0.25% sodium deoxycholate͞10 g/ml leupeptin͞10 g/ml antipain͞1 mM sodium orthovanadate͞10 mM ␤-glycerophosphate͞1 mM phenylmethylsulfonyl fluoride). The cells were disrupted by brief sonication and centrifuged at 10,000 ϫ g for 10 min. The supernatant was incubated for 1 h with gentle rocking at 4°C with antibody. Protein G-PLUS agarose beads from Santa Cruz Biotechnology were added, and samples were rocked at 4°C for an additional 3 h. The beads were collected by centrifugation and washed three times with immunoprecipitation buffer.
Western Blot Analysis. Equal amounts of samples were separated by SDS͞PAGE and transferred to poly(vinylidene dif luoride) membranes. The membranes were blocked in TTBS (TBS with 0.1% Tween 20) containing either 5% dry milk or BSA. Primary antibody incubations were performed in TTBS with either 5% dry milk or BSA overnight at 4°C. After washing, the membranes were incubated with the appropriate secondary peroxidase-conjugated antibody for 1 h in TTBS with either 5% dry milk or BSA. Immunoreactive proteins were visualized by using the enhanced chemiluminescence system from Amersham Pharmacia. Cell Metastasis. Nude mice were anesthetized by using inhaled isoflurane (2%) in accordance with veterinary standards at Vanderbilt University's animal care facility. The abdomen was prepped in a sterile fashion, and an incision was made in the midline, through which the spleen was extracted. A total of 1 ϫ 10 6 cells were injected with a 27.5-gauge needle in 100 l of PBS. The spleen was then resected by using electrocautery. Homeostasis was assured with electrocautery. The area was thoroughly irrigated with warm (37°C) sterile water. The abdominal cavity was closed in appropriate layers by using a 5-0 prolene suture. Mice were maintained for 4 weeks. Livers were resected, weighed, fixed overnight in 10% formalin, and stored in 70% ethanol.
Immunohistochemistry (IHC). IHC with antibodies to pAkt and total Akt as well as hematoxylin and eosin stains were performed in the Vanderbilt Institutional Immunohistochemistry Core Facility (Vanderbilt University Medical Center).
Immunofluorescence. Cells were seeded at 50,000 cells per well on Lab-Tek II chamber slides (Nalge Nunc). After 24 h, cells were treated with 1 M PGE 2 or vehicle (DMSO) for 30 min. Cells were rinsed in PBS, fixed for 5 min in 4% paraformaldehyde, and permeabilized for 5 min in 0.2% Triton X-100. Cells were blocked for 1 h in the presence of 1% BSA and then incubated for 16 h with EP4 antibodies (Santa Cruz Biotechnology). After washing in 1% BSA, cells were incubated with Alexa Fluor 488 antibodies (Molecular Probes) for 1 h. Cells were washed and mounted with PorLong Gold antifade reagent (Molecular Probes). Images were visualized by using a LSM 510 confocal microscope.
